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Whereas the atomic structure of surface of crystals is known to be distinct from that of bulk, 
experimental evidence for thickness-induced structural transitions in amorphous oxides is lacking. We 
report the NMR result for amorphous alumina with varying thickness from bulk up to 5 nm, reveaUng 
the nature of structural transitions near amorphous oxide surfaces/interfaces. The coordination 
environments in the confined amorphous alumina thin film are distinct from those of bulk, highlighted 
by a decrease in the fractions of high-energy clusters (and thus the degree of disorder) with thickness. 
The result implies that a wide range of variations in amorphous structures may be identified by 
controlling its dimensionality. 

If the atoms in an amorphous network are spatially confined into the two-dimensionally deposited thin 
film with thickness of ~nm [here, the state is defined as 2-dimensional (2D) confinement], the propor- 
tion of the atoms on and near the surfaces/interfaces becomes prevalent. The structure of the surface/ 
interface of amorphous oxides under spatial confinement has remained Ulusive: the unsolved questions are 
whether the structure of the confined amorphous oxide is distinct from that of bulk analogue, if it is 
different, whether disorder is more prevalent with increasing 2D confinement or not. The lack of knowledge 
is in stark contrast to the wealth of information available on crystalline analogues, for which the structure of 
the surfaces are known to be often different from that of the bulk oxides (e.g.' '',). The knowledge gap 
derives from the fact that conventional surface-sensitive probes of crystals have limited usefulness for 
exploring the detailed short-range structures (e.g., cation coordination number) of amorphous oxides under 
confinement^. 

Potential structural changes in amorphous oxide due to 2D confinement have been indirectly suggested from 
the differences between the properties of amorphous thin films with varying thickness and those of bulk materi- 
als'"''. These studies, together with studies of glass surfaces, suggest that the degree of structural disorder in 
amorphous oxide thin film may increase with decreasing thickness" the increase in elastic modulus of amorph- 
ous Si02 was attributed to an increase in the fraction of smaller-membered rings, indicating an increase in the 
structural disorder and defect concentration at surfaces'^ as also suggested for the surfaces of amorphous 
selenium thin fUm". In contrast, enhanced mobility at surfaces suggested for amorphous polymer thin film 
(e.g.",) may result in a decrease in configurational disorder. 

AI2O3, an archetypal oxide, has applications, ranging from gate microelectronic devices to flash memory 
components to supports for catalytic nanoparticles [e.g.^''^, and references therein]. High-resolution solid- 
state NMR revealed that bulk amorphous AI2O3 consists of mostly '""'Al, '^'Al, and minor fraction of ''"'Al 
configurations""'". In order to probe the local structures under 2D confinement we collected NMR spectra for 
amorphous AI2O3 thin films that varied in deposition thicknesses up to 5 nm. Whereas ^'Al NMR provides a 
unique opportunity to resolve i^'^-'-iAl sites in the amorphous alumina""'", the method is bulk sensitive and 
thus does not probe atoms located near surfaces selectively. However, the NMR techniques can be potentially 
utilized to probe spatially confined atoms in the thin film if the thin film thickness approaches to ~nm: the 
fraction of Al nuclear spins near the surfaces/interfaces systematically increases, enabling us to yield unam- 
biguous Al coordination environment in the thin film under confinement. The potential results provide 
improved insights into the effect of thin film thickness on their properties with wider applications in 
microelectronic coatings. As the signal intensity decreases with decreasing film thickness, extremely low 
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Figure 1 | (Left)^'Al MAS NMR spectra of an amorphous AI2O3 thin film with deposition thicknesses ranging fi'om 1.4 |j.m to 5 nm. The rotor 
backgrounds were subtracted from the spectra (see SI for further details). (Right) Simulation results for ^^Al MAS NMR spectra of the amorphous AI2O3 
thin film with varying thickness as labeled. Blue lines refer to simulation result of the spectra using and the three Czjzek distribution for '''"^■'''Al. Parameters 
used for simulations are shown in Table SI (see SI). 



Al nuclear spin content in thin AI2O3 film (~nm)/Si3N4 (0.5- 
1 nm) substrate complex pose great challenge to yield high-quality 
NMR spectra. Here, we report the first high-resolution solid-state 
NMR signal from the ~nm scale thin film, revealing the prev- 
iously unknown effect of thickness on the structure and disorder 
amorphous oxides. 

Results and Discussion 

NMR results. Figure 1 (Left) shows ^'Al MAS NMR spectra for 
amorphous AI2O3 thin films with deposition thicknesses. Features 
associated with three distinct coordination environments, including 
'"'Al (~60 ppm), '='A1 (-30 ppm), and ""'Al (~0 ppm), are partially 
revealed in the NMR spectra"'"*^^. The NMR result demonstrates 
differences in the relative fractions of Al species with respect to thick- 
ness. Particularly, the intensity of the Al peak apparently decreases, 
with a decrease in thickness, and its fractions in the thinner films are 
smaller than that of bulk alumina. The peak shapes of amorphous 
thin films including 5 nm AI2O3 films is distinct from both the bulk 
amorphous alumina (1.4 |j,m) and crystalline polymorphs (e.g., y- 
Al203)"''^'': the 5 nm AI2O3 thin film shows a somewhat narrow '""'Al 
peak. While this might be due to poorly crystalline phases in the 
interlayer or an increase in topological order in the amorphous 
oxide due to confinement, evidence for the crystalline phase was 
not found [see supplementary information (SI) figure SI for TEM 
result]. Fractions of '■'■^■'lAl sites were obtained by simulating ^'Al 
MAS NMR spectra using the Czjzek distribution functions for 
[4,5.6i^j gj^gj j-jgg SI)^'*'^^. Figure 1 (Right) shows the results of a 
simulation. The fractions of '^'Al and ''"'Al in the 1.4 |im alumina 
thin film are approximately 40% and 8%, similar to those reported 
from the earlier 2D NMR spectra for the identical sample"" ". The 
results clearly shows that the '^'Al fraction decreases with decreasing 
thin film thickness. 



Thickness-induced structural transitions and disorder in amor- 
phous alumina thin film. The effect of thickness on the Al fraction 
in amorphous alumina is shown in figure 2 (Top). The '""'Al fraction 
does not change significantly from 1.4 \xm to 250 nm (—44%), but it 
gradually decreases with decreasing thickness from 250 nm, 60 nm 
(-37%) and up to 10 nm (-25%) while the fractions of '■'■'"'Al 
increase. The decrease in the '^'Al fraction is significant from 10 to 
5 nm (figure 2 top, inset). Although there is uncertainty associated 
with the absolute fraction of each Al site (see SI, figure S4, table SI), 
the relative difference in the '^'AI fraction with varying deposition 
thickness is clear from figure 1 and the quantification of Al sites 
confirms that the fraction of '""'Al decreases with decreasing 
thickness. 

While the difference in the fractions of Al coordination environ- 
ments with varying thickness may also result from differences in the 
deposition conditions, the observed difference in the thin fUm struc- 
ture at identical deposition conditions (temperature, Ar partial 
pressure, sputtering power, etc.) and deposition temperature and 
identical substrate can be attributed to the intrinsic effect of varying 
thickness. The results indicate that structural rearrangements near 
surface of amorphous thin films could be prominent for more than 
several nm, contributing to observed changes in the Al coordina- 
tion number. These results highlight differences in cation coordination 
number between the bulk and amorphous oxides under 2D 
confinement. 

The fraction of '""'Al species in amorphous alumina is a direct 
measure of the extent of disorder because the structural disorder 
increases with the fraction of higher energy clusters". A semi-quant- 
itative, conceptual model below may provide insight into the effect of 
thickness on the structure. We consider a two-level system consisting 
of high- C^'Al) and low-energy configurations (''*'''' Al) with energy 
difference Ag {energy penalty for the formation of '""'Al = 
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Figure 2 | (Top) Fraction of '^'Al (X'^'Al) in amorphous AI2O3 thin film as 
a fiinction of deposition thickness (d) from 1.4 |im to 5 nm (open circle). 
Thick dotted lines are Al fraction in the bulk (1.4 |im) amorphous AI2O3. 
(Bottom) Energy penalty (J/mol.K) for the formation of '^^'Al (Ae ITf) in 
amorphous AI2O3 thin film as a function of deposition thickness (d) from 
1.4 \im to 5 nm (open circle). The grey trend lines are provided for visual 
clarity only. Thick dotted lines are '^'Al fraction in the bulk (1.4 |j.m) 
amorphous AI2O3. 

1/2* [E(2'=i Ay-EC"! Al+i'iAl)]}: as diverse crystalline amorphous 
polymorphs consist only of Al, the pronounced metastability of 
amorphous alumina over crystalline phases result from the signifi- 
cant fraction of '^'Al and the associated topological arrangement in 
the medium-range scale (e.g., clusters with triply coordinated oxy- 
gen, '""'O). Additionally, the quantum chemical calculations were 
performed to evaluate the relative stability of Al clusters: the opti- 
mized model Al-clusters include those involving '""'O cluster with two 
1=1 Al and one '-"Al (2i='iAl-i'iO-i''iAl) and with two '-"Al and one "^'Al 
(2''''Al-''''0-''''Al) (see SI, figures S5 and S6). The single point energy 
difference between clusters per Al {Ae = [E(2i=iAl->''0-''*iAl)- 
E(2WAl-[^>0-"^iAl)]/3 = 1/2*[E(2'=>A1)-E(WA1 + "^1A1)} varies from 
19 to 30 kj/mol depending on symmetry constraints used. 
Considering the estimated glass transition temperature (Tg) for the 
bulk amorphous alumina of ~ 973 K, the calculated energy differ- 
ences per Al vary from ~ 20-30 J/K. The calculation result confirms 
that the '^'Al cluster can be considered as higher energy cluster. The 
degree of disorder in the amorphous oxides may be proportional to 
the fraction of the high-energy cluster (i.e., '^'Al), and the thickness 
((i)-induced mole fraction of '^'Al (X'^'Al) can be simply described as: 



^ exp[Ae{d)/RTf{d)]+l ^ ' 

where _R is the gas constant and T^is the fictitious temperature below 
which the amorphous states are frozen and is thus similar to T^: 
amorphous oxide with varying processing histories have different 
concentration of high energy states, partly accounting for the 
changes in physical properties. Tjin Eq.l was introduced to describe 
amorphous states in amorphous solids that do not undergo glass 
transition from melt-quenching". The trend in the observed '^'Al 
fraction indicates that that the degree of disorder in the amorphous 
oxide tend to decrease with decreasing thickness. Gradual (up to 
10 nm) and sudden drops up to 5 nm in the '^'Al fraction with 
decreasing thickness can be accounted for an increase in Ae and/or 
scaled energy penalty, Ae /T^ with a decrease in thickness. As shown 
in figure 2 (bottom), estimated energy penalty (Ae/7y) for the forma- 
tion of Al in the thin films increases with decreasing thickness from 
bulk value of ~2 (for 1.4 |xm film) to —20 J/mol.K (for 5 nm film). 
The value at the thinnest film is comparable to the calculated Ae/Ty 
from the ab initio calculation (see SI). We note that, despite the 
remarkable similarity between the estimated energy penalty and 
the calculated Ae, the model shown in Eq. 1 was addressed to provide 
a rather conceptual description of the observed trend. Below, we 
discuss the potential origins in an increases in As/T^and other factors 
that could contribute to the observed trend in Al coordination 
environment. 

Effect of thickness on the energy penalty for the formation of high 
energy cluster and additional extrinsic factors. In addition to 
changes in AeJTfV/ith thickness we note that there are additional 
important extrinsic factors that could affect the Al coordination 
states in the oxide thin film, which include the potential presence 
of crystalline phases and interlayers, particularly for the 5 nm thin 
film, and thickness-induced changes in residual stress and Tg. First, 
while the results for the amorphous alumina from bulk to 1 0 nm thin 
film show the intrinsic effect of thickness on the annihilation of Al, 
potential presence of crystalline phases in the 5 nm thin film (and/or 
interlayer) can be implied by the relatively sharp ''"'Al peak. While 
the possibility that formation of poorly crystalline materials at the 
interlayer may not be fuUy discarded, we note again that the evidence 
for the crystalline materials was not found [see SI]. Additionally, if it 
would exist, the sharp peak would also be shown in the other thicker 
films (e.g., 10 nm film), which is not the case. The TEM image 
showed the presence of low density interlayer (with thickness of ~ 
1 nm, white arrow) between amorphous AI2O3 and amorphous 
Si3N4 substrate. The volume fraction of the interlayer with ~ 1 nm 
thickness between an amorphous Si3N4 substrate and AI2O3 is —20% 
of that of whole thin film layers for 5 nm thin film (Figure 1). Thus, 
the resulting decrease in '^'Al fraction is not primarily due to the 
presence of the interlayer and crystallization at the interface. 

Second, 2D confinement of the atoms in amorphous alumina thin 
film may lead to the changes in residual stress (pressure), affecting 
the Al coordination environment. Previous studies have shown that 
the variation in thickness leads to changes in residual stress within 
thin film (e.g.^'^*",). For example, 1 |j,m amorphous AI2O3 thin film is 
reported to be under compressive stress of 1.6 GPa^ and the stress 
decreases with decreasing thin film thickness. The ''''''' Al fraction in 
oxide glasses increases with pressure above threshold pressure of ~ 
3-5 GPa (i.e., '"'Al i^'^'Al, and i^'Al '"'Al) depending on 
composition""'^"'"'^ Below the threshold pressure, change in Al 
coordination number is negligible. As the thickness-induced changes 
in Al coordination transformation in the current study is described 
with the formation of ■"■"'Al at the expense [='A1 (2>=''A1 ''"Al + 
'"■'Al), the observed trend in figure 1 is not mainly due to an increase 
in pressure in the thin film. While residual stress could induce 
changes in Al coordination, the pressure should be larger than 
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threshold pressure, which is not the case for the AI2O3 films studied 
here. Furthermore^^, Al NMR study for a bulk amorphous AI2O3 via 
sol-gel synthesis and the 1 |j,m thin film showed that their Al coor- 
dination environments are identical (Lee et al. to be published), 
indicating that the changes in Al coordination environment in the 
thin films may not result from the stress due to 2D confinement. 

Finally, Al coordination environment in the oxide glasses slightly 
increases (though minor) with increasing Tg (Ref 30). The Tg of the 
amorphous thin film of ~nm thickness may be different from that of 
bulk. This could potentially affect the Al coordination environment. 
The scaled energy penalty (with a unit of J/mol.K) in Eq.l takes into 
consideration the thickness-induced changes in the 7} as well as As. 
The estimated change in Ae /Tjfrom ~2 (for 1.4 |im film) to —20 J/ 
mol.K (for 5 nm film) in the amorphous alumina can be either due to 
changes in Ae and/or Tj. An order of magnitude change in Ae /T^-at 
constant Ae value with varying thickness necessitates Tfof the 5 nm 
thin film to be -1/10 of the bulk value (-100 K), which is not 
plausible. Therefore, while these extrinsic factors can affect the 
'^'Al fraction, the observed decrease in '^'Al fraction is largely due 
to an increase in Ae. 

The increase in Ae for the formation of '^'Al cluster implies that 
volume of amorphous networks behave as strain energy reservoirs 
and is required to sustain high-energy clusters: the significant frac- 
tion of '^'Al in the amorphous AI2O3 necessitates the local arrange- 
ment of atoms in an extended length scale and the changes in 
dimension below — nm (threshold length) may increase Ae. The 
capacity of a strain energy reservoir in the glass network thus 
decreases by reducing dimensionality from bulk to atoms near sur- 
faces under 2D confinement. This finding relates specifically to 
amorphous AI2O3, but the observed trend may be applicable to other 
amorphous networks because of the expected prevalence of scale- 
dependent nature of strain-energy capacity around high-energy clus- 
ters (i.e., spatial confinement in any amorphous oxides reduces its 
ability of the network to accommodate high energy cluster). 

Implication for glass surface. We have shown the effect of thickness 
(thus 2D confinement) on the structure of amorphous oxide thin 
films. The current results and the model may have implications for 
glass surfaces. However, as an amorphous oxide formed via thin film 
deposition and its glass analogue quenched from melts can be 
distinct, further confirmation of the current proposal for diverse 
glass forming oxide liquids and amorphous oxide thin film is 
necessary. Properties of non-crystalline oxides depends on detailed 
thermal history and thus synthesis conditions (e.g., melt- quenching, 
sol-gel synthesis, and vapor deposition)'"^''. Therefore, it is expected 
that their structures (glass vs. deposited amorphous oxides) are 
different in a various length scale (from atomic to textural evolu- 
tion). Additionally, the lack of a bulk glassy state for AI2O3 due to 
difficulty in synthesis via melt-quenching poses uncertainty in the 
proposal of difference in the degree of disorder between bulk and 
glass surface. While current approach with quantitative estimation of 
the Al coordination environments with NMR provides unique way to 
probe the degree of disorder in amorphous oxide thin films, the 
nature of thin amorphous oxide under 2D confinement differs 
from its intrinsic surface. The changes in coordination states may 
not be present in purely intrinsic surface structure. 

In conclusion, this study presents the direct experimental evidence 
of distinct amorphous structure and the degree of disorder of 
amorphous oxide under 2D confinement. The degree of disorder 
in the bulk oxide is expected to be larger if confined in 2D thin film, 
supporting a new pathway for tuning the variability of structure by 
controlling the thickness of the amorphous networks. Whereas the 
variability of structure in glass-forming liquids can be traditionally 
obtained by controlling the quench rate''\ the current study indicates 
the existence of a wide range of variations in amorphous states 
achieved by varying the thickness of amorphous films. The results 



with changes in short-range structure may explain the thickness- 
induced changes in the diverse properties (reactivity, catalytic ability, 
mechanical properties, and chemical durability) of amorphous oxide 
thin films. As the local coordination environments in oxides controls 
their overall catalytic ability, the current results suggest that the 
catalytic ability of an amorphous oxide (with applications, ranging 
from gate microelectronic devices to flash memory components to 
supports for catalytic nanoparticles) can be controlled by varying its 
dimension. 

Methods 

Materials. AI2O3 thin film with varying thickness from 5 nm to 1.4 (im was deposited 
on a 6 and 8-in.p-type amorphous Si3N4/Si(100) wafer by rf magnetron sputtering at 
a pressure of 5 X 10"*' Torr"*. Sputtering was performed on an AI2O3 target {99.995% 
purity) at room temperature with an rf power of 500 W in an Ar environment. After 
AI2O3 deposition, the opposite side of the Si substrate was etched using a KOH 
sokition up to —100 [im (for 1.4 |im thin film) or mechanically grinded up to 
— 30 fim (for 250 nm thin film). As for thin films with less than 60 nm thickness 
(5 nm, 10 nm, and 60 nm), the Si substrate was removed by etching to maximize the 
NMR signal from the AI2O3 thin film. Upon etching the thin film is protected by Si3N4 
layer. The thickness of the amorphous Si3N4 substrate is approximately 1 jim (for 
10 nm - 1.4 fim fdms) and —500 nm (for 5 nm thin film). Etching removed Si in the 
middle part of the wafer selectively without giving damage to the thin film side 
(figures SI, S2 in SI). As the thin film was deposited and processed under vacuum in 
an Ar environment and thus is not likely to subject to hydroxylation. Cross-section 
HRTEM studies showed no clear evidence of the presence of crystalline phases in the 
as-deposited alumina thin film (see SI). The image showed the presence of low density 
interlayer (with thickness of — 1 nm, white arrow) between amorphous AI2O3 and 
amorphous Si3N4 substrate. 

NMR spectroscopy. ^'Al MAS NMR spectra were collected on a Varian 400 solid- 
state spectrometer (9.4 T) at a Larmor frequency of 104.23 MHz with the rf pulse 
length of 0.3 f.is. A 3.2-mm zirconia rotor with a Varian double-resonance probe was 
used with the relaxation delay of 1 s and rotor spinning speed of 17 kHz. Up to 
460,000 scans were averaged. The spectra were referenced to a 0.1 M AICI3 solution. 
Signals due to the background ^""^ Al from the empty rotors (and spacer) -t- Si substrate 
was collected using the identical experimental conditions and then carefully 
subtracted to yield the final spectrum only for thin film (see SI, figure S3). In addition 
to the ID MAS NMR, other NMR techniques involving dipolar coupling between 
nuclides may be useful to reveal the surface structure of amorphous oxide. 
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